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Abstract 
The current gold standard for the design of orthopaedic implants is 3D models of long bones 
obtained using computed tomography (CT). However, high-resolution CT imaging involves 
high radiation exposure, which limits its use in healthy human volunteers. Magnetic 
resonance imaging (MRI) is an attractive alternative for the scanning of healthy human 
volunteers for research purposes. Current limitations of MRI include difficulties of tissue 
segmentation within joints and long scanning times.  
In this work, we explore the possibility of overcoming these limitations through the use of 
MRI scanners operating at a higher field strength. We quantitatively compare the quality of 
anatomical MR images of long bones obtained at 1.5 T and 3 T and optimise the scanning 
protocol of 3 T MRI. FLASH images of the right leg of five human volunteers acquired at 1.5 
T and 3 T were compared in terms of signal-to-noise ratio (SNR) and contrast-to-noise ratio 
(CNR). The comparison showed a relatively high CNR and SNR at 3 T for most regions of 
the femur and tibia, with the exception of the distal diaphyseal region of the femur and the 
mid diaphyseal region of the tibia. This was accompanied by an ~65% increase in the 
longitudinal spin relaxation time (T1) of the muscle at 3 T compared to 1.5 T. The results 
suggest that MRI at 3 T may be able to enhance the segmentability and potentially improve 
the accuracy of 3D anatomical models of long bones, compared to 1.5 T. We discuss how the 
total imaging times at 3 T can be kept short while maximising the CNR and SNR of the 
images obtained.   
Introduction 
Design and validation of orthopaedic implants increasingly utilises 3D models that 
characterise the outer and inner geometry of long bones based on computed tomography (CT) 
[1-5]. CT has become the gold standard for this purposes due to the higher image contrast 
offered for the bone-soft tissue interface. CT, however, exposes a subject to a high dose of 
ionising radiation thus limiting its use to scanning of clinical cases and cadaver specimens. 
Due to this, imaging techniques such as magnetic resonance imaging (MRI) which does not 
involve ionising radiation are becoming more popular for scanning of long bones of healthy 
human volunteers for research purposes. Some of the current limitations of using MRI for 
long-bone imaging include extended scanning times and difficulty of image segmentation in 
certain anatomical regions caused by the poor contrast at bone-soft tissue interfaces of those 
regions [6, 7]. Higher field strength MRI scanners could potentially overcome these 
limitations offering faster imaging times or better contrast levels [8]. In the present study, the 
gain obtained from the 3T system was solely invested in improving the contrast at the bone-
soft tissue interfaces. 
Higher field strength MRI scanners (typically 3T) have been used clinically since the 1990s 
[9]. Since then, 3T MRI scanners have been validated for various soft tissue compartments of 
the human body [10-15]. Because MRI utilises 1H nuclei as the source of signal, it is rational 
to use it for studies involving soft tissues. While most of these studies were qualitative, a few 
quantitative comparisons of the image quality between 1.5T and 3T has also been reported 
[16]. However, to date, there are no studies which have quantitatively compared 3T MRI with 
1.5T MRI with regards to generating 3D models of long bones. 
The theoretical signal-to-noise ratio (SNR) of MR images of (weakly conducting) biological 
tissues is approximately proportional to the strength of the applied magnetic field (B0) [17]. 
Thus, in principle, a 3T MRI system could offer twice the SNR that a 1.5T system offers if 
used with equivalent parameters, receiver coils and subjects. However, the actual SNR of 
acquired images is dependent on various other factors besides the applied magnetic field: 
hardware design, change of tissue characteristics at higher fields (T1 and T2), increased 
sensitivity to magnetic susceptibility and the increased precession frequency difference 
between fat and water. Therefore, optimisations of protocols (TR, TE and FA) to meet the 
changed tissue characteristics and minimisation of artefacts are important for a higher signal 
gain at 3T. 
Longitudinal relaxation time (T1) and transverse relaxation time (T2) of a particular tissue are 
two of the parameters that determine the contrast of the acquired MR images. The 
longitudinal spin relaxation time (T1) is highly dependent on the applied magnetic field (B0) 
and tends to become longer with the increasing B0. The reported rise of T1 is about 20% for 
fatty tissue [10] and 40% for muscle tissue at B0 = 3T compared to B0 = 1.5T [18]. This 
elongation of T1 reduces the signal intensity at shorter repetition times (TR)  and if similar 
TR values are used. As a result, the practically achieved SNR at 3 T is often only slightly 
higher than that at 1.5 T. The transverse spin relaxation time (T2) tends to be less dependent 
on B0; however, about 10% reductions in T2 in certain tissue types have been reported at 3T 
compared to 1.5T [18, 19]. Due to the different behaviour of spin relaxation times at 3T, the 
repetition time (TR) and echo time (TE) should be changed accordingly to obtain the 
maximum contrast levels. In general, a relatively longer TR value and slightly shorter TE 
values should yield the optimal SNR in 3T MR system. 
SNR and contrast-to-noise ratio (CNR) are two most commonly used comparison 
characteristics of MR images. SNR has long been used for evaluation of MR systems, 
measurement of contrast enhancement, pulse sequences and RF coil comparison [20]. CNR 
offers a meaningful way of quantifying comparing the “true” contrast at a tissue - tissue 
interface, which is the most important feature responsible for accurate image segmentation 
[21]. This study quantitatively compares the CNR and SNR observed in the human lower 
limb at 1.5 T and 3 T in order to quantify and compare the image quality at the two fields. In 
addition, an investigation was carried out to determine the optimum parameters to use with a 
FLASH (Fast Low Angle Shot) sequence in the scanning of human volunteers.  
Methods 
MRI data acquisition 
The MRI data for the first part of the investigation (SNR and CNR optimisation) was 
acquired using 1.5T (Siemens Magnetom Avanto) and 3T (Siemens Trio Tim) scanners. The 
optimisation was achieved by varying the values of one of  TR, TE and flip angle (FA), while 
keeping the values of the other parameters constant (Table 1). The right mid femoral region 
of one human volunteer was scanned using a 3D FLASH sequence. The peripheral 
angiography (PA) matrix coil was used to cover the lower limb. 
Table 1: The imaging protocols used to scan the human volunteer with varying TE, TR and 
FA values 
Parameter Varying TR Varying TE Varying FA 
TR Varying 16 ms 11 ms 
TE 5 ms Varying 4.66 ms 
FA 15° 15° Varying 
Pixel size 0.5 mm2 0.5 mm2 0.5 mm2 
Slice thickness 5 mm 5 mm 1 mm
 
Data acquisition for the second part of the investigation was carried out by scanning the right 
leg of five healthy male volunteers (age range: 30-54 years) with 1.5T and 3T clinical MRI 
systems. A customised imaging protocol (Table 2) that was determined in accordance with 
the results obtained in the first part was used for the scanning. The legs were scanned in five 
segments (Figure 1), moving the table so that the centre of each segment was positioned in 
the centre of the magnet. One scanning segment contained 256 image slices and a 66 slice 
overlap was maintained between two successive scanning stages. 
Table 2: The MRI imaging protocols for 1.5T and 3T scanners 
Parameter 1.5T 3T 
In plane resolution 0.45 mm ×0.45 mm 0.45 mm ×0.45 mm 
Slice thickness 1 mm 1 mm
TR 11 ms 11 ms
TE 4.66 ms 4.66 ms
Flip angle 7° 7°
Number of averages 1 1
Image sequence 3D FLASH 3D FLASH
Manufacturer Siemens Siemens
Model Magnetom Avanto Trio Tim
RF Coils PA & Body Matrix PA & Body Matrix 
 
 Figure 1. Five imaging segments were used to scan the lower limb completely in 3T and 1.5T 
MRI scanners. 
Measurement of spin relaxation times 
T1 and T2* spin relaxation times of the ‘muscle’ and ‘bone marrow’ compartments were 
measured from the appropriate series of FLASH images [22]. For the measurement of T1, the 
RF excitation pulse was set to θRF = 15o, the gradient echo time to 5 ms, the number of 
averages to 1, and a series of TR were used. At 1.5T, the TR values used were 10, 12, 15, 20, 
30 and 50 ms. At 3T, the TR values used were 10, 14, 20, 30, 50 and 100 ms. For each voxel 
within the image, the T1 value was determined from a two-parameter nonlinear least-squares 
fit of the intensity of the steady-state FLASH signal as a function of TR:  
 (1) 
 
Where NS = 20 was the number of slices and R1 and S0 were the adjustable fit parameters. The 
fitted value of R1 was taken as the longitudinal relaxation rate, 1/T1, in the respective voxel. 
The standard errors of the fitted R1 and image amplitude (ΔR1 and ΔS0) were also determined 
for each voxel. The voxels where any of the following conditions were observed were 
rejected: ΔR1 > 0.5 R1; ΔS0 > 0.5 S0; R1 < 0; S0 < 0. The average R1 values in the ‘muscle’ and 
‘bone marrow’ compartments were then determined by averaging the fitted R1 values over the 
‘non-rejected’ voxels within the appropriate ROI (~1000 voxels for the muscle and ~300 
voxels for the marrow).  
For the measurement of T2*, the RF excitation pulse was set to θRF = 15o, the repetition time 
to 16 ms, the number of averages to 1, and a series of gradient TE values were used. At 1.5T, 
the TE values used were 4, 5, 6, 8, 10 and 12 ms. At 3T, the TE values used were 4, 5, 7, 9, 
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12 and 14.8 ms. For each voxel within the image, the T2 value was determined from a two-
parameter nonlinear least-squares fit of the intensity as a function of TE:  
 (2) 
 
The fitted value of R2* was taken as the apparent transverse relaxation rate, 1/T2*, in the 
respective voxel. Fit quality control and T2* averaging over muscle and marrow were 
performed as described above for the T1. T1 and T2* processing was performed using custom-
written Mathematica (Wolfram Research, Champaign, IL, USA) code running on a desktop 
PC. 
SNR was calculated for the ‘muscle’ and ‘bone marrow’ tissue types of image series. ROIs 
were selected at five sites of an image slice of each of the image stack, as indicated in Figure 
4-b. The SNR was calculated using the method described in the next section. 
SNR and CNR for comparison of MR images 
SNR and CNR were used to compare image quality between images obtained from 1.5T and 
3T scanners. CNR is one of the most important parameters as the contrast between bone and 
the soft tissue is the key feature that is responsible for an accurate segmentation of the bone. 
In the basic form, SNR is the ratio of a signal to the background noise, while CNR is the ratio 
of contrast to the background noise (Equations 3 & 4). 
 (3) 
 (4) 
When the equations were applied to the MR images, the mean intensity of the specific tissue 
type was considered as the signal and the standard deviation of the background was 
considered as the noise level [19]. The noise statistics derived correction factor  
[20] was introduced to standardise the SNR and CNR values derived. In this study, the 
background noise level was not measured due to the unevenly distributed noise in 
background and thus the noise level of the cortical bone was used to calculate the SNR and 
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CNR [20]. Thus, with the noise statistics derived factors, the equations used to calculate the 
SNR and CNR of MR images were as follows: 
 
(5) 
 (6) 
 
Where, SNR = signal to noise ratio, CNR = contrast to noise ratio, Mtissue = Mean intensity of 
the tissue and STDbone = standard deviation of mean intensity of cortical bone.  
Comparison of the images obtained from 1.5T with 3T MRI 
SNR and CNR measurements were taken in the proximal articular, proximal diaphyseal, mid 
diaphyseal, distal diaphyseal and distal articular regions of the femur and of the tibia. In 
diaphyseal regions (Figure 2), SNR and CNR were measured (Figure 3) at five sites around 
the bone (Figure 4-b) in axial image slices. In articular regions, a varying number of sites 
were used (Figure 4-a, c, d, e & f) and coronal sections were used, with the exception of the 
distal articular region of the femur for which axial images were used. The measurements 
were taken in three consecutive image slices at any given site. 
 
bone
tissue
STD
MSNR
π−
=
4
2
bone
tissuetissue
STD
MMCNR
π−
−
=
4
2
21
 Figure 2. The diaphyseal regions of femur (top) and tibia (bottom) where the axial image 
slices were obtained for the calculation of SNR and CNR. 
 
Figure 3: In each site of the diaphyseal regions, pixel samples were obtained from bone 
marrow, cortical bone, and Muscle. 
 Figure 4. ROIs selected at four/five positions in each tissue type in: a-femoral head, b- mid 
femoral diaphysis, c- distal femoral diaphysis, d- distal femoral articular, e- proximal tibial 
articular, and f- distal tibial articular regions as shown in the figure (left and right images are 
from two different planes). 
SNR and CNR were measured in muscle, bone and bone marrow tissue types at diaphyseal 
regions of both femora and tibiae, with the exception of the distal diaphyseal region of the 
femora where the bone was surrounded by other soft tissues in addition to the muscle tissue 
(mainly fat and fibrous tissue). In this region the measurements were taken in these soft 
tissues in addition to muscle. In the articular regions, the bone does not come into contact 
with the muscle tissue but with various other tissues such as fat, tendons, fibrous capsules and 
synovial fluid. Moreover, the articular regions no longer contain bone marrow, and the 
medulla is basically composed of a mixture of trabecular bone and bone marrow. Thus, the 
measurements were taken in soft tissues, bone and the medulla. 
Statistical differences of SNR and CNR values between the 1.5T and 3T images were 
calculated using one way ANOVA. The level of statistical significance was set to p ≤ 0.05. 
The validation was performed using PASW Statistics 18 software package. 
 
 
Results  
The measurement of the longitudinal relaxation time (T1) and the apparent transverse 
relaxation time (T2*) was carried out using a series of images acquired with varying TR and 
varying TE values, respectively. The measured T1 value of the muscle was 1.5 ± 0.2 s at 3T 
and 0.9 ± 0.1 s at 1.5T. The measured T1 values of the voxels in the bone marrow 
compartment were 0.25 ± 0.03 s at 1.5T and 0.30 ± 0.07 s at 3T. The apparent transverse 
relaxation time, T2*, of the muscle was measured as 0.029 ± 0.007 s at both 1.5T and 3T. The 
T2* of the bone marrow could not be measured reliably.  
The SNR calculation of the images obtained with varying TR, TE and FA values (Figure 5) 
showed the following trends. SNR of muscle and bone marrow increased with the TR while 
SNR of muscle and bone marrow declined with the TE in both 1.5T and 3T filed strengths; 
and SNR of muscle had downward trend with FA, while SNR of bone marrow had upward 
trend with the FA in both 1.5T and 3T field strengths. 
 
Figure 5. Change of SNR with varying TR, TE and FA at 1.5T and 3T. 
The comparison between 1.5T and 3T images of the femora produced the following results 
(Figure 6). In the mid diaphyseal region 3T had the highest CNR and SNR for muscles (CNR 
= 4.49, 7.29 and SNR = 7.50, 10.00 for 1.5T and 3T respectively) and 1.5T had the highest 
CNR and SNR for bone marrow (CNR = 6.49, 5.70 and SNR = 9.66, 8.67 respectively for 
1.5T and 3T). In the proximal diaphyseal region, CNR and SNR of muscle at 3T were 
slightly higher than 1.5T and CNR and SNR of bone marrow was higher at 1.5T. In the distal 
diaphyseal region, CNR and SNR of the other soft tissues were slightly higher at 3T (CNR = 
4.74, SNR = 6.97) than 1.5T (CNR = 4.54, SNR = 6.96); however, CNR and SNR for 
muscles were slightly higher at 1.5T compared to 3T. For the same region, CNR and SNR of 
medulla were higher in 1.5T compared to 3T. 
 
Figure 6: CNR and SNR of diaphyseal regions of femur (TR = 11 ms and TE = 4.66 ms at 
both 1.5T and 3T, * = statistically significant). 
SNR and CNR measurements of four sites at the proximal articular region and five sites at the 
distal articular region show that 3T MRI gives higher SNR and CNR for all the regions with 
the exception of region -4 of the distal articular region that has higher SNR and CNR for 1.5T 
(Figure 7). Images illustrating the improvement in image contrast are shown in Figure 8. 
 
Figure 7. Proximal and distal articular regions of the femur (TR = 11 ms and TE = 4.66 ms at 
both 1.5T and 3T, * = statistically significant). 
 
 Figure 8. Comparison of 1.5T images to 3T images of the proximal region (top) and the mid 
shaft (bottom) of the femur (TR = 11 ms and TE = 4.66 ms at both 1.5T and 3T). 
In tibia, the proximal diaphyseal region, muscles presented higher SNR and CNR values for 
3T MR images while medulla showed similar SNR and CNR values for both 1.5T and 3T. 
For the mid diaphyseal region; however, 1.5T showed higher SNR and CNR than 3T (SNR = 
15.4 and 14.5, CNR = 13.3 and 12.4 respectively for 1.5T and 3T). For the distal diaphyseal 
region higher CNR and SNR was reported for 3T (Figure 9). 
 Figure 9. CNR and SNR values of diaphyseal regions of tibia femur (TR = 11 ms and TE = 
4.66 ms at both 1.5T and 3T, * = statistically significant). 
CNR and SNR measured at four sites in both the proximal articular region and the distal 
articular region of tibiae showed higher CNR and SNR for 3T images with the exception of 
the region -3 of the distal articular region (Figure 10). 
 Figure 10. CNR and SNR of articular regions of tibia (TR = 11 ms and TE = 4.66 ms at both 
1.5T and 3T, * = statistically significant). 
Discussion 
The study aimed to quantitatively compare the MR image quality at two applied magnetic 
field strengths, 1.5T and 3T, using the femora and tibiae of five healthy volunteers as the 
study sample and SNR and CNR as the comparison parameters. An investigation was also 
carried out to optimise the imaging protocol at 3T by identifying the optimum TR, TE and 
FA values at that field strength. The effect of the magnetic field on the T1 and T2 of the 
tissues imaged (muscle and bone marrow) was also investigated. 
The T1 of the muscle was strongly dependent on the applied magnetic field strength (B0): The 
T1 at 3T (1.5 s) was more than 50% longer than that at 1.5T (0.9 s). The apparent T1 values of 
the bone marrow exhibited significantly weaker field dependence, with the apparent T1 values 
at the two fields differing by ~15% (0.25 s at 1.5T and 0.30 s at 3T). (We use the term 
‘apparent T1’ for the bone marrow because no fat suppression was used, and the measured T1 
in this tissue can therefore include contributions from both lipid and water.) The lengthening 
of the T1 values of both tissues with the increasing B0 is consistent with the well-established 
body of knowledge concerning the relaxometry of biological tissues [18, 23, 24]. It is also 
consistent with the fact that longitudinal relaxation is controlled by fast molecular 
motions[25]; that is, motions whose time scale is comparable to the Larmor precession 
frequency of the MRI systems used in this study (~10 ns). The relatively small increase of the 
apparent T1 of bone marrow can be attributed to the relatively low mobilities of lipid 
molecules and water molecules in a lipid-rich environment. This observation is consistent 
with the field dependence of the T1s of lipid and water protons previously observed in a 
model lipid/water system [26]. 
The apparent transverse relaxation time, T2*, of the muscle exhibited no discernible 
dependence on the applied magnetic field. This observation can be rationalised as follows. 
T2* is a complicated function dependent on the local inhomogeneities of the static magnetic 
field, slow molecular motions, fast molecular motions, and chemical exchange between ‘free’ 
and ‘bound’ states of water molecules. (The last three factors determine the true transverse 
relaxation time, T2.) The four factors listed serve to shorten, shorten, lengthen, and shorten 
T2* with the increasing B0, respectively [27]. The true T2 in muscle has been reported 
variously to become slightly shorter [19] or slightly longer [18] with the increasing B0. Under 
the conditions of the present study, the effects of the four factors listed evidently nearly 
cancel each other out, resulting in the absence of a significant field dependence of T2*.      
When a 3D FLASH sequence was used, the SNR of both muscle and bone marrow increased 
upon increasing TR from 10 ms to 50 ms. Beyond 50 ms, SNR at 3T started to decline and 
TR > 50 ms was not used with 1.5T imaging due to practical difficulties of setting up the 
scanner with TR = 100 ms. Although a higher SNR can be obtained at longer TR values, 
doubling TR in turn doubles the scanning time. The time required to scan the complete lower 
limb with TR = 11 ms was 65 minutes. The use of a significantly longer TR would result in 
extremely long scanning times that are both impracticable in the clinical environment and 
result in an increased risk of motion artefacts.  
With increased TE, SNR dropped in both muscle and bone marrow tissues at 1.5T and in 
muscle tissue at 3T; however, SNR increased in bone marrow at 3T (Figure 5). The effect of 
varying the FA on SNR in muscle and bone marrow was also examined. At both 1.5T and 3T, 
SNR of muscles declined on increasing FA whereas SNR of bone-marrow increased. Based 
on the results obtained, the protocol used to scan human volunteers was determined to have 
TR = 11 ms, TE = 4.66 ms and FA = 7o for both 1.5 T and 3 T scanners.  
Comparison of images obtained at 1.5 T to 3 T showed that, in general, 3T MRI generates 
images with a high contrast between bone-muscle and bone-soft tissue interfaces. The mid 
diaphyseal region of the femur, and the proximal and distal diaphyseal regions of the tibia, 
presented a greater increase in CNR and SNR in the bone-muscle interface, while the 
proximal diaphyseal region of the femur showed slight increase. Among them, the mid 
diaphyseal region of the femur showed statistically significant increase in SNR and CNR at 
3T. The distal diaphyseal region of the femur and the mid diaphyseal region of the tibia did 
not show any increase in CNR or SNR for muscle at 3T, the reason for this could not be 
determined. However, there was a slight increase in CNR and SNR at soft tissue-bone 
interface of the distal diaphyseal region of the femur. The reason why CNR and SNR were 
lower in these regions could not be determined. 
CNR at the bone marrow-bone interface was higher at 1.5T than 3T in all the cases and this 
was statistically significant in mid diaphyseal region of tibia. As mentioned at the beginning 
of the discussion, T1 of bone marrow (0.25 ± 0.03 s at 1.5T and 0.30 ±0.07 s at 3T) is 
comparatively shorter than T1 of muscle tissue (0.86±0.14 s and 1.5±0.15 s at 3T). As the 
extremely short TR value (11 ms) have been used for both 1.5T and 3T scanning, tissues with 
longer T1 (muscle in this case) produce a low signal due to inadequate recovery of the 
transverse component of the net magnetisation vector. This is the main reason why bone 
marrow produced a higher signal compared to the muscle. The low CNR of bone-bone 
marrow interface at 3T is unlikely to affect the segmentation process as the obtained CNR is 
sufficient for an accurate segmentation of the medullary canal. Compared to the outer cortex, 
the inner cortex has a relatively simple, bone-bone marrow interface in the medullary canal.  
Articular regions of both the femur and tibia showed increased CNR and SNR for 3T, with 
the exception of one site in the distal articular region of the femur and the second site at the 
distal articular region of the tibia. These differences were statistically significant in two 
regions in each of the proximal articular region of femur, proximal articular region of tibia 
and distal articular region of tibia for CNR. In distal articular region tibia, the differences 
were also statistically significant for SNR at two sites. The reason for this difference in CNR 
and SNR could be due to the number of different interfaces present at the articular regions 
(bone-ligament, bone-tendon, bone-synovial fluid, bone-synovial membrane and bone-
cartilage). These different tissue types exhibit different MRI properties (T1, T2* and proton 
density) that result in various contrast levels at the articular regions. This increase the partial 
volume effect at articular regions and therefore only the average CNR and SNR can be 
measured in these regions.  However, increased CNR at most of the sites of the articular 
regions will potentially facilitate the segmentation process by improving the accuracy, which 
was a problem in 1.5T MR imaging of those regions.  
Overall, 3T MRI generated images with higher quality for most of the anatomical regions of 
the femur and tibia. Even though the theoretical doubling of SNR gain is not achievable due 
to imaging-time constraints, the articular regions had impressively higher CNR and SNR 
values at 3 T than at 1.5 T. These are the regions where segmentation at 1.5T was difficult, 
and the increased CNR is expected to significantly facilitate their segmentation [6, 7]. CNR 
and SNR of distal femur and mid diaphysis of tibia were not improved; however, these 
regions could already be segmented accurately in 1.5 T images [6]. At the same time, the 
higher contrast levels observed at bone-muscle and bone–bone marrow interfaces at 3 T will 
potentially improve the accuracy of segmentation and decrease the complexity of the 
segmentation algorithms required. Our conclusion is that the use of higher field strength for 
anatomical MRI of long bones is worthwhile and leads to significant improvements in image 
contrast. The main limitation of anatomical MRI is the scanning time, which remains 
considerably longer compared to CT. Strategies for overcoming this limitation will be the 
subject of future studies.   
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